The discovery of monolayer graphene [1] has initiated two fertile fields in modern condensed matter physics, Dirac semimetals and atomically-thin layered materials. When these trends meet again in transition metal compounds, which possess spin and orbital degrees of freedom and strong electron correlations, more exotic phenomena are expected to emerge in the cross section of topological states of matter and Mott physics. Here, we show by using ab initio calculations that a monolayer form of transition metal trichalcogenides (TMTs), which has a honeycomb network of transition metal cations, may exhibit multiple Dirac cones with tunable gaps in the electronic structure. Furthermore, we elucidate that electron correlations and carrier doping turn the multiple-Dirac semimetal into a topological ferromagnet with high Chern number. Our findings raise the honeycomb-monolayer TMTs to a new paradigm to explore correlated Dirac electrons and topologically-nontrivial magnetism. In turn, the unique wide-ranging properties of the materials will deliver new building blocks for atomically thin heterostructures.
Since the success of exfoliation of a monolayer graphene [1] , atomically-thin layered materials have grown as one of the leading themes in modern condensed matter physics. In particular, van der Waals (vdW) materials, composed of atomic layers bounded via weak vdW forces, have received great attention. Electrons confined in an atomically thin layer exhibit drastically distinct behaviour from the bulk form. The archetypal example is the Dirac electrons in a monolayer graphene, which show anomalous transport behaviour, e.g., the anomalous integer quantum Hall effect and the Klein tunneling [1, 2] . Another example is the valley degree of freedom in the monolayer form of transition metal dichalcogenides [3] , which has been intensively studied toward valleytoronics devices [4, 5] . Furthermore, heterostructures of different vdW materials have provided a new platform for novel functionalities never seen in bulk compounds [6, 7] .
Through the intensive research in the past decade, a lot of efforts have been made to find atomically-thin magnetic materials. Among many candidates, a family of transition metal trichalcogenides (TMTs) has gained increasing interests, both from theoretical proposals of monolayer magnetism [8, 9] and experimental reports on the mono and few-layer forms [10] [11] [12] [13] . In addition, not only the magnetism but also anomalous electronic and transport properties are predicted in the presence of the relativistic spin-orbit coupling (SOC), e.g., the spin-valley coupling [14] , the magnon spin Nernst effect [15] , and the gate-controllable magnetooptic Kerr effect [16] . Thus, the atomically-thin layered TMTs are expected to provide a unique cross section between strong electron correlations and the SOC, but their potential remains unexplored. In this work, we theoretically propose that monolayer TMTs with a honeycomb network of 4d and 5d transition metals would host a new playground for correlated Dirac electrons and topologically-nontrivial magnetism.
The chemical formula for TMTs is generally given by MBX 3 , where M is transition metals, B=P, Si, or Ge, and X is chalcogens. TMTs have vdW layered structures, whose stacking manner depends on the compounds [17] [18] [19] [20] . In each layer, transition metal cations M comprise a honeycomb network by sharing the edges of MX 6 octahedra, and B 2 dimers locate at the centers of the hexagons of the honeycomb network (Fig. 1a) . The nominal valence of the transition metal cation is M 2+ ; for instance, some 10-and 12-group elements can take the stable divalent oxidation state [21] , and indeed, MPX 3 with M=Ni, Pd, Zn, Cd, and Hg have been synthesized [17] . In the following, we focus on monolayer TMTs with 10-group elements, MPX 3 with M=Ni, Pd, and Pt.
First, we calculate the electronic band structures in the paramagnetic state by ab initio calculations without the SOC (see Method for details). Figures 1b,c show the representative results for PdPS 3 . The band structure shows that the Pd dorbital levels are split into two groups, e g and t 2g , due to the crystalline electric fields of octahedral ligands. As Pd 2+ is in the d 8 electron configuration, the lower-energy t 2g manifold is fully occupied and the higher-energy e g manifold is halffilled. Remarkably, the e g bands have two crossing points at the K point and around the midpoint on the Γ-K line in the Brillouin zone, and the projected density of states are almost zero at the Fermi level. We find that the crossings are the Dirac cones, as shown in Fig. 1d : two electronic bands near the Fermi level give rise to eight Dirac cones (two independent ones on the zone boundary, K and K', and other six inside). We confirm that the multiple Dirac cones are shared by other monolayer TMTs with M =Ni, Pd, and Pt (see Supplementary information).
In order to clarify the microscopic origin of the multiple Dirac cones, we construct the maximally localized Wannier functions (MLWFs) [22, 23] for the e g bands and evaluate the overlap integrals between them. Table I ). via the ligand p orbitals. Table I shows the overlap integrals between the two types of MLWFs for the Pd-Pd bonds up to 5th neighbours (see Fig. 2c ). We confirm that the tightbinding analysis by using these overlap integrals well reproduce the ab initio band structure (see Fig. 1b ). Interestingly, the most dominant overlap is not for nearest neighbours but the 3rd neighbours. This can be understood from almost forbidden d-p-d indirect hoppings between nearest neighbours ( Fig. 2d ) and substantial d-p-p-d indirect processes for the 3rd neighbours ( Fig. 2e ) [8] . . We take r = R i (i = 1, 2, 3, 4, or 5) illustrated in Fig. 2 . The unit of overlap integrals is in meV.
The dominant 3rd neighbour overlaps explain the origin of the multiple Dirac cones. As well-known in graphene, the nearest neighbour overlaps produce the Dirac cones at the zone corners, the K and K' points. This is also the case for the e g electron systems [24] . On the other hand, the 3rd neighbour overlaps bring about Dirac cones at the additional six points inside the 1st Brillouin zone: the network of the 3rd neighbour bonds forms honeycomb superstructures with the lattice spacing twice longer than the original honeycomb network, as exemplified in Fig. 2c , which leads to new Dirac cones around the midpoints of the Γ-K lines (zone corners in the folded Brillouin zone). Thus, in our TMTs, the hidden honeycomb superstructures stemming from the orbital and geometric nature result in the multiple Dirac nodes.
Next, we discuss the effect of SOC. Although the orbital moment is quenched in the e g manifold in an ideal octahedral crystal field, the SOC modifies the e g electronic states through t 2g -e g mixing in the presence of a distortion of MX 6 octahedra [24] . Indeed, we find that the Dirac nodes are gapped out by including the relativistic effect in the ab initio calculations, as shown in Fig. 3a . In this monolayer system, the dominant distortion is a trigonal one, which leads to an effective SOC proportional toλ = ∆ tri λ 2 /∆ 2 , where λ is the bare SOC constant for the d-electron manifold, and ∆ and ∆ tri are the crystalline electric field splittings from the octahedral ligands and the trigonal distortion, respectively (see Supplementary information). Indeed, we confirm that the tight-binding analysis including the effective SOC well explains the band structure with the gapped Dirac nodes, as shown in Fig. 3a (see Method for details). The result indicates that the Dirac gaps can be controlled through the crystalline symmetry. Here, we demonstrate it by tensile strain, which has been commonly used for twodimensional vdW materials [25, 26] . Figure 3b shows the change in the Dirac gaps obtained by ab initio calculations while changing the in-plane lattice constant with fixed fractional coordinates of atoms. In the optimal structure (zero expansive ratio), the octahedra are slightly elongated in the out-of-plane direction. While the system is expanded in the in-plane directions, the Dirac gaps decrease and become minimal around 8-9% expansive ratio, where the trigonal distortion almost vanishes. Interestingly, the valley structures of the two massive Dirac cones are shifted individually by the tensile strain, as shown in Fig. 3c . These results indicate the flexible tunability of the massive Dirac cones.
Although the magnetism was studied for monolayer TMTs by ab initio calculations [8, 9] , the previous works focused on the 3d compounds in which the SOC is irrelevant. We here investigate the synergetic effect of electron correlations and the SOC, both of which can be relevant in 4d and 5d compounds. We focus on two commensurate fillings, half filling (two e g electrons per M) and 3/4 filling (three e g electrons per M); the former corresponds to the situation discussed above, while the latter a chemical substitution of M by, e.g., Ag or Cd. Figure 4a ,b show the ground-state phase diagrams and the magnetic moments, obtained for the multi-orbital Hamiltonian constructed from the MLWF analysis by the meanfield approximation (see Method for details). At half filling (Fig. 4a) , while increasing the electron correlations, the system exhibits a continuous phase transition from the paramagnetic Dirac semimetal to a Néel-type antiferromagnetic insulator (AFMI) with in-plane magnetic moments. Indeed, the ab initio calculations with allowing magnetic solutions predict that the lowest-energy state changes from the paramagnetic Dirac semimetal to AFMI while changing from weakly correlated M =Pt to strongly correlated M =Ni; the M =Pd case is close to the boarder (see Supplementary information). On the other hand, at 3/4 filling, the system shows a discontinuous phase transition from the paramagnetic metal to a ferromagnetic (FM) metal, and to a FM insulator with out-of-plane magnetic moments.
We find that the FM states at 3/4 filling acquires nontrivial topological nature. Figure 4c shows the band structure at U = 1.5 eV. The bands are split by the exchange field into the up-spin (red) and down-spin (blue) ones (see Supplementary information), and the lower six are occupied at 3/4 filling. Computing the Chern number for each band (see Method and Fig. 4c ) and summing them for the occupied bands, we find that the FM insulator is a topologically-nontrivial ferromagnet with rather high Chern number C = 4. Figure 4d displays the wave-number dependence of the Berry curvature of the highest-occupied band with C = 6. The Berry curvatures shows spikes at the K and K' points and around the midpoints of the Γ-K lines. These anomalous contributions can be traced back to the Dirac cones in the original semimetallic state. Thus, our results suggest that the multiple-Dirac semimetal can be turned into an unconventional topological ferromagnet with high Chern number by electron correlations and carrier doping. We have theoretically uncovered two potential electronic properties of TMTs with 4d and 5d transition metals in the monolayer form. One is the highly-tunable multiple Dirac cones. This will bring about new transport phenomena, such as the unconventional Hall responses and the multiple valley operations. The other is the topological ferromagnetism with high Chern number driven by electron correlations and chemical doping. This will provide new candidates for quantized anomalous Hall insulators, whose multiple chiral edge modes might be used for a thin-film transmitter with high efficiency. We believe that the two features will stimulate further material exploration in 4d and 5d TMTs for delivering missing pieces in material science of atomically-thin films and the heterostructures.
Methods. ab initio calculations. For the electronic structure calculations, we used OpenMX code[27], which is based on a linear combination of pseudoatomic orbital formalism. We adopted the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) functional in density functional theory [28] and a 30 × 30 × 1 k-point mesh for the calculations of the selfconsistent electron density and the structure relaxation. We inserted vacuum space greater than 10 Å between monolayers. In the calculations without the SOC, we adopted the crystalline data in the bulk samples [17] as the initial condition and fully relaxed the primitive vectors and atomic positions in the unit cell with the convergence criterion 0.01 eV/Å about the interatomic forces. To discuss the SOC effect, we adopted a fully relativistic j-dependent pseudopotential and used the crystal structures obtained in the calculations without the SOC. The MLWFs [22, 23] were calculated via a code implemented in OpenMX.
Multi-orbital Hubbard Hamiltonian and mean-field approximation. We studied the electron correlation effect for the multi-orbital tight-binding Hamiltonian constructed from the MLWF analysis, by adding the onsite Coulomb interactions and the effective SOC withλ = 15meV (see Fig. 3a and Supplementary information). The Coulomb interaction is given by
where c † imσ (c imσ ) is the creation (annihilation) operator of an electron for the ith site, orbital m = d 3z 2 −r 2 or d x 2 −y 2 , and spin σ =↑ or ↓. Assuming the rotational symmetry of the Coulomb interaction, we set U mmmm = U, U mnmn = U −2J, and U mnnm = U mmnn = J (m n), where U is the intraorbital Coulomb interaction and J is the Hund's coupling, respectively; we take J/U = 0.2 in the present calculations.
In the mean-field calculations, we adopted the standard Hartree-Fock approximation to decouple the onsite interaction terms. We took into account charge, spin, and orbital orders with the ordering vector Q = (0, 0) or (π, π) on the honeycomb lattice. We approximated the integration in the 1st Brillouin zone by the summation over 128×128 k points and determine the mean fields consistently within a precision of less than 10 −6 .
Chern number and Berry curvature. We calculated the Berry curvature B nk and the Chern number C n for a nth band of the mean-field solution by using the standard Kubo formula given as [29] B nk = m n 2Im nk| 
where H MF is the mean-field Hamiltonian, E nk and |nk are the eigenvalue and eigenvector of the nth band with the wave vector k in the mean-field solution, respectively, and Ω is the system volume. We note that as the mean-field Hamiltonian in the ferromagnetic state commutes with the spin operator, B nk and C n for each spin sector can be computed even in the presence of crossing between different spin bands (see Supplementary information).
